Glucose tightly regulates the synthesis and secretion of insulin by ␤ cells in the pancreatic islets of Langerhans. To investigate whether glucose regulates insulin synthesis at the level of insulin RNA splicing, we developed a method to detect and quantify a small amount of RNA by using the branched DNA (bDNA) signal-amplification technique. This assay is both sensitive and highly specific: mouse insulin II mRNA can be detected from a single ␤ cell (␤TC3 cells or mouse islets), whereas 1 million non-insulinproducing ␣ cells (␣TC1.6 cells) give no signal. By using intron and exon sequences, oligonucleotide probes were designed to distinguish the various unspliced and partially spliced insulin preRNAs from mature insulin mRNA. Insulin RNA splicing rates were estimated from the rate of disappearance of insulin preRNA signal from ␤ cells treated with actinomycin D to block transcription. We found that the two introns in mouse insulin II are not spliced with the same efficiency. Intron 2 is spliced out more efficiently than intron 1. As a result, some mRNA retaining intron 1 enters the cytoplasm, making up Ϸ2-10% of insulin mRNA in the cell. This partially spliced cytoplasmic mRNA is quite stable, with a half-life similar to the completely spliced form. When islets grown in high glucose are shifted to low glucose medium, the level of insulin preRNA and the rate of splicing fall significantly. We conclude that glucose stimulates insulin gene transcription and insulin preRNA splicing. Previous estimates of insulin transcription rates based on insulin preRNA levels that did not consider the rate of splicing may have underestimated the effect of glucose on insulin gene transcription.
Insulin, the key signal for energy storage, is synthesized and secreted by the ␤ cells of the pancreatic islets of Langerhans in mammals. Insulin synthesis and secretion is tightly regulated by glucose, which serves as a signal of the energy state of the organism. Synthesis of mature insulin is a multistep process and glucose regulates synthesis at several of these steps, including transcription (1), mRNA stabilization (2), translation (3, 4) , and processing proinsulin to insulin (5) .
The level of insulin mRNA available in the cytoplasm for translation to preproinsulin depends on the relative rates of insulin mRNA production and degradation. Glucose regulates both insulin gene transcription and insulin mRNA degradation (1, 2) . Transcription rate alone, however, does not determine the production rate of cytoplasmic insulin mRNA. Prior to export from the nucleus, preRNAs are spliced and a 5Ј m 7 GpppN cap and 3Ј adenosines are added. These processes are not independent: splicing accelerates polyadenylylation, and both are important for nuclear export (6) (7) (8) .
Insulin preRNA in most species contains two introns. The sequences of the introns show little evidence of evolutionary conservation, but the positions of the introns are highly conserved (9, 10) . The length of intron 2 varies widely among species, but intron 1 is generally small (118 bp in mouse insulin II to 179 bp in human). Most species have a single insulin gene; but in rats and mice, a duplication has resulted in a second copy of the insulin gene that lacks the second intron (11) (12) (13) . The ancestral and duplicate genes are termed insulin II and insulin I, respectively.
In the present study, we investigated the role of glucose in insulin RNA processing by measuring preRNA dynamics. Because preRNA levels are low and the insulin-producing ␤ cells are not abundant, we developed a sensitive method for accurately measuring insulin RNAs. We adapted the branched DNA (bDNA) assay ( Fig. 1 ) (14-16), a signal amplification technique, to measure the levels of insulin mRNA, preRNA, and preRNA splice products. We used this system to show that glucose regulates insulin preRNA splicing.
METHODS
Plasmid Construction and in Vitro RNA Transcription. The mouse insulin I and mouse insulin II genomic DNA clones were obtained by PCR of mouse genomic DNA with primers complimentary to the exact ends of the primary transcripts of the two genes (13) . The mouse insulin II cDNA clone was purified from ␤TC3 cDNA. PCR products were inserted into pBlueScript KSϩ. Mouse insulin I preRNA, mouse insulin II preRNA, and mouse insulin II mRNA was prepared from the linearized vectors using MEGAscript in vitro transcription kit for large-scale synthesis of RNA (Ambion, Austin, TX), by following the manufacturers instructions. RNA concentration was determined by measuring absorbance at 260 nm.
Cell Culture. ␤TC3 and ␣TC 1.6 cells were cultured in Dulbecco's modified Eagle's medium with D-glucose (4.5 mg͞liter), 15% horse serum, and 2.5% fetal bovine serum. For RNA decay experiments, actinomycin D1 was added at a concentration of 50 g͞ml to 10 6 ␤TC3 cells in 1 ml of medium on 35-mm culture dishes. At the time points shown, the cells were washed and lysed directly on the dishes in bDNA extraction buffer.
Mouse islet were picked by hand from collagenase-digested adult mouse pancreas (17) , cultured in RPMI 1640 medium with 25 mM D-glucose and 10% fetal bovine serum for 4 days (18) , and switched to either 25 mM or 2.5 mM glucose overnight prior to harvesting. RNA decay experiments were performed as for the ␤TC cells, except that cells were lysed in 1.5-ml microcentrifuge tubes.
Nuclear and cytoplasmic RNA was purified from 10 7 ␤TC3 cells by using the method of Dignam et al. (19) for purifying nuclear and cytoplasmic proteins, with the simple modification that protease inhibitors were replaced with RNase inhibitor. The entire procedure was performed rapidly on ice, and the cytoplasmic supernatant and pelleted nuclei were added directly to the bDNA assay.
Insulin bDNA Assay. Insulin preRNA and mRNA were quantified using bDNA technology in a 96-microwell format similar to that described for quantification of hepatitis C virus RNA (16) . All components, including buffers and DNA reagents were obtained from Chiron. Cells were lysed, or RNA samples were mixed, with 200 l of extraction buffer [78 mM Hepes, pH 8.0͞12.5 mM EDTA, pH 8.0͞6.27 mM LiCl͞1.6% lithium lauryl sulfate͞proteinase K (1 mg͞ml)͞ single-stranded DNA (19 g͞ml)͞7.8% formamide͞0.05% sodium azide͞0.05% Proclin 300], along with proteinase K and 40 fmol of insulin-specific capture and label probes, loaded in the microwell plate, sealed with an adhesivebacked mylar Plate Sealer (Microtiter Plate Sealer; Flow Laboratory), and incubated overnight at 63ЊC in a plate heater to capture the targeted nucleic acids to the oligonucleotide-modified microwell surface. After cooling at room temperature for 10 min, wells were washed twice with wash A [0.1ϫ standard saline citrate (SSC) and 0.1% SDS]. Fifty microliters of bDNA amplifier solution containing the bDNA amplifier at 1 pmol͞ml in amplifier diluent [amplifier diluent was prepared by incubating 50% horse serum͞1.3% SDS͞6 mM Tris⅐HCl, pH 8.0͞5ϫ SSC͞proteinase K (0.5 mg͞ml) at 65ЊC for 2 hr, followed by addition of 1 mM phenylmethylsulfonyl f luoride to inactive the proteinase K and 0.05% sodium azide and 0.05% Proclin 300] was added and hybridized at 53ЊC for 30 min. After cooling and washing as described above, 50 l of a mixture containing alkaline phosphatase-conjugated label probes (2 pmol͞ml) in label diluent (amplifier diluent͞0.1% Brij 35͞1 mM ZnCl 2 ͞20 mM MgCl 2 ) was added and hybridized at 53ЊC for 15 min. The plate was cooled and washed twice with wash A as above and then washed three times with wash B (0.1ϫ SSC). Finally, 50 l of chemiluminescent substrate (Lumiphos 530), an enzyme-triggerable dioxetane substrate for alkaline phosphatase, was added and the plate was incubated at 37ЊC for 25 min. Light emission was measured in a luminometer at 37ЊC.
The bDNA assay for insulin DNA was similarly performed in a 96-microwell format. The only difference from the RNA assay is in the first hybridization step, as described for quantification of hepatitis B virus DNA (20) . Cells were lysed with 100 l of extraction buffer in the microwell plate. The plate was incubated at 63ЊC in the plate heater for 30 min to digest and release the nucleic acids. fifty microliters of sodium hydroxide (final concentration, 0.17 M) mixed with 40 fmol of insulin-specific target probes were added and incubated at 63ЊC for another 30 min. After the DNA denaturation, 50 l of neutralizing reagent (1 M 3-[Nmorpholino]propanesulfonic acid͞16ϫ SSC͞0.05% sodium azide) were added to the mixture. The samples were then incubated at 63ЊC overnight to capture the single-stranded insulin DNA molecules to the oligonucleotide-modified microwell surface. From this point the DNA assay is identical to the RNA assay.
Each sample was assayed in triplicate, and all data points represent the mean of at least three samples. RNA half-lives were calculated from the first three time points in Fig. 5B by assuming a first-order decay. At steady state, the transcription rate must equal the decay rate, which is calculated from the concentration and half-life of intron 2-containing preRNA.
The possibility that complex mixtures of RNA could interfere with the assay was tested by performing the assays of in vitro-transcribed synthetic RNA (Figs. 2 A and 3B) with or without extracts from 10 6 ␣TC1.6 cells. The presence of the ␣TC1.6 cellular RNA did not affect the assay (data not shown).
RESULTS
The design of the bDNA assay is outlined in Fig. 1 . Two sets of DNA oligonucleotides are synthesized. One set (capture probes) hybridizes to both the target sequence and to oligonucleotides linked to the assay plate. The second set (label probes) hybridizes to both the target sequence and the bDNA oligonucleotides (bDNA amplifiers). The final set of oligonucleotides (AP probe) is labeled with alkaline phosphatase and hybridizes to the branches of the amplifiers. When a luminescent substrate for alkaline phosphatase, dioxetane, is added, light is emitted. The net result is a marked signal amplification that is proportional to the concentration of the target sequence.
Different hybridization conditions allow DNA and RNA target sequences to be distinguished. If the sample is initially disrupted in an alkaline buffer, double-stranded DNA is denatured and RNA is destroyed. If the sample is harvested, instead, in a neutral buffer with SDS and proteinase K, DNA remains double-stranded and cannot hybridize with the probes and the RNA is protected from degradation. Fig. 3A shows the design of the capture and label probes for mouse insulin II mRNA (oligonucleotide probe set A). Three capture probes target the 3Ј end and 10 label probes target the remainder of the mRNA sequence.
RNA transcribed in vitro from mouse insulin II cDNA was used to determine the sensitivity of oligonucleotide set A ( Fig.  2A) . Light output increases linearly over four orders of magnitude of sample input. The limit of detection is approximately 10 4 insulin mRNA molecules. The optimal limit of detection for the bDNA assay is approximately 10 3 molecules (14) , but the insulin mRNA assay is limited by a suboptimal number of capture and label probes because of the small size of the mouse insulin II mRNA.
In Fig. 2B , the signals are compared from two mouse islet tumor cell lines: the insulin-producing ␤TC3 cells (21) and the glucagon-producing ␣TC1.6 cells (22) . For the ␤TC3 cells, the light signal in the RNA assay increases linearly with the number of cells used, with the limit of detection at approximately one cell. No signal is detected, however, by the RNA assay with ␣TCl.6 cells even when 10 6 cells are used. Measurements by the bDNA assay of GAPDH mRNA in the ␣TC1. 6 and ␤TC3 cell extracts demonstrated that this difference was not due to difference in RNA recovery (data not   FIG. 1 . Outline of bDNA assay. Short label and capture target probes are designed for a specific target sequence and hybridized with the target on a plate coated with oligonucleotides complementary to the capture target probes. The bDNA amplifier is then added and hybridized, followed by the AP probe, a short alkaline phosphataselabeled oligonucleotide complementary to a triplicate repeat sequence on the bDNA branches. In the final step, a luminescent substrate of alkaline phosphatase, dioxetane, is added, and the emitted light is measured in a luminometer.
shown). The DNA assay demonstrates that both cell types contain the insulin gene.
The standard curve in Fig. 2 A was used to convert the RNA data in Fig. 2B to number of molecules (Fig. 2C) . A similar standard curve for mouse insulin II genomic DNA was used to convert the DNA data. This data can be used to estimate the number of insulin II RNA molecules per ␤TC3 cell at approximately 2 ϫ 10 4 , consistent with previous evidence that ␤TC3 cells maintain high insulin mRNA levels (21) . The estimate of gene copy is 2 copies per cell, as expected for a diploid cell.
Since 10 6 ␣TC-1.6 cells give no RNA signal, there must be fewer than 1 insulin II RNA molecule per 100 ␣TC-1.6 cells. By using this figure and the estimate of 2 ϫ 10 4 copies per ␤TC3 cell, the difference in insulin II gene expression between these two closely related islet cell lines is greater than six orders of magnitude.
Probe set A was designed to target only the exon sequences of mouse insulin II RNA and, therefore, can capture any insulin II RNA, spliced or unspliced. Five other sets of oligonucleotide probes, sets B-F, were designed to recognize specific unspliced and partially spliced mouse insulin II preRNAs, by capturing and labeling exons and introns separately (Fig. 3A) .
The specificities of the probe sets were tested using in vitro transcribed mouse insulin II mRNA, mouse insulin II preRNA, and mouse insulin I preRNA (Fig. 3B) . There is no crossreactivity of the preRNA sets (B-F) with the mature insulin II mRNA (Fig. 3B) , even when 1 g of the mRNA is used, whereas the A probe set gives a strong signal with both insulin II mRNA and preRNA. Although it gives a 10-fold weaker signal, the A probe set also recognizes the mouse insulin I sequences, reflecting the conservation of exon sequences between the two mouse insulin genes. Of the preRNA probe sets, only sets E and F, the sets that capture intron 1 sequences, cross-hybridize with mouse insulin I preRNA, and this signal is almost four orders of magnitude lower than the signal from mouse insulin II preRNA.
It is interesting to note that, although all probe sets recognize the mouse insulin I preRNA, the absolute light signals from different probe sets vary over a 10-fold range. Although part of this difference arises from the number of capture and label probes in each set, this difference also appears to depend on the grouping and hybridization characteristics of the individual oligonucleotide probes. The A set, for example, gives a stronger signal when tightly grouped on insulin II mRNA than when separated on the insulin II preRNA template. Because of these differences, a standard curve such as the one in Fig.   2 A for probe set A with mouse insulin II mRNA was produced for each of the preRNA probe sets with mouse insulin II preRNA (data not shown).
These standard curves were then used to calculate the abundance of different insulin II RNA splice forms in both ␤TC3 cells and cultured mouse islets (Fig. 4A) . When an average of 2,000 ␤ cells per mouse islet is assumed, these calculations estimate 10 5 insulin II mRNA per ␤ cell. As expected, preRNA levels are lower; but the probe sets that recognize intron I containing RNAs (sets B, E, and F) give significantly higher estimates than the sets that recognize only intron 2 containing RNAs (sets C and D). Intron-1-containing RNA makes up 10% of the insulin II RNA in ␤TC3 cells and 2-3% in mouse islets. This high preRNA level did not appear to be due to cross-hybridization with noninsulin sequences, since none of the probe sets gave a signal with 10 6 ␣TC1.6 cells (data not shown).
Since insulin mRNA has a long half-life in ␤-cells (2), we assumed that the high level of intron-1-containing mRNA results from an extended half-life for this partially spliced RNA as well. This assumption was tested by treating the ␤TC-3 cells with actinomycin D to block transcription of new preRNA and measuring the fall in mRNA and preRNA levels (Fig. 4B) . As expected, mature mRNA (probe set A) has a long half-life, well over 1 hr [greater than 48 hr by previous estimates (2)], and intron-2-containing RNA (probe sets D and C) has a very short half-life (approximately 7 min). Although there is an initial small drop in intron-1-containing RNA (probe sets B, E, and F), the half-lives of these partially spliced RNAs are close to that of mature mRNA.
Why does intron-1-containing RNA have such a long halflife? We hypothesized that partially spliced RNA containing intron 1 is exported from the nucleus to the cytoplasm where it can no longer be spliced and thus achieves a stability similar to fully spliced insulin II mRNA. This hypothesis is supported by the relatively low nuclear͞cytoplasmic ratio of intron-1-containing RNA when compared with intron-2-containing RNA (Fig. 4C) .
To test the ability of glucose to affect insulin II transcription and splicing rates, we cultured mouse islets at 25 mM or 2.5 mM glucose overnight for 16 hr, after several days of growth in 25 mM glucose. Insulin mRNA and intron-1-containing RNA levels decreased modestly after 16 hr at the lower glucose concentration whereas intron-2-containing RNA levels fell more sharply (Fig. 5A) .
The rate of disappearance (splicing rate) of intron-2-containing preRNA increases with glucose concentration (Fig.  5B) . The estimated half-life of intron-2-containing preRNA is 8.6 Ϯ 0.5 min and 16.2 Ϯ 1.7 min at 25 mM and 2.5 mM glucose, respectively (P value as calculated by paired Student's t test Ͻ0.002). With this estimated change in splicing rate and the estimates of preRNA levels from Fig. 5A , it can be estimated that the rate of mouse insulin II gene transcription must fall approximately 17-fold when the glucose concentration decreases from 25 mM to 2.5 mM. The bDNA assay was performed with the probe sets shown and cytoplasmic or nuclear extracts from ␤TC3 cells. Each bar labeled A through F represents the ratio of nuclear to cytoplasmic RNA levels; the bar labeled DNA depicts the ratio of nuclear to cytoplasmic DNA levels using the A probe.
DISCUSSION
Our data demonstrate that the insulin bDNA assay is highly specific, precise, and sensitive to as few as 10 4 molecules of RNA. Although not as sensitive as the reverse transcriptasecoupled PCR assay, which can generally detect as few as 10 RNA molecules (23) , the bDNA signal amplification method is more readily quantified than template amplification methods such as PCR. Also, because the target is not amplified as it is with PCR, cross-contamination with product sequences does not occur when performing multiple or repeated assays for the same target sequence.
Comparison with previous estimates of insulin RNA levels indicates that the assay is accurate as well. The estimate of 1 ϫ 10 5 insulin II mRNA molecules per ␤ cell in cultured islets is similar to the previous estimate of 50,000-150,000 insulin mRNAs per ␤ cell by Northern blot hybridization with RNA from freshly isolated rat islets (24) .
The finding that intron 1 of the insulin preRNA is inefficiently spliced, leading to the export of partially spliced insulin mRNA to the cytoplasm, was unexpected. Because intron 1 falls within the 5Ј untranslated sequence of the insulin mRNA, its presence does not preclude the possibility that the mRNA is correctly translated to the preproinsulin peptide. Sequences within intron 1 have been shown to influence insulin gene transcription (25, 26) , but the possible effects of intron 1 on translation have never been investigated. The presence of intron 1 could affect translation initiation, the overall rate of translation, or the regulation of translation by glucose and other regulators.
Why is intron 1 less efficiently spliced than intron 2? Two explanations seem possible: (i) Intron 1 is significantly smaller than intron 2, and smaller introns may be spliced less efficiently (27) . (ii) The 5Ј splice junction site for mouse insulin II intron 1 has only a 7-of 9-bp identity with the consensus 5Ј splice sequence (28) for mammalian introns. The intron 2 5Ј splice junction is a 9-of 9-bp match with the consensus sequence. When we sequenced multiple mouse insulin II cDNAs obtained from ␤TC3 cDNA by PCR, we found that the 5Ј junction was variable, with the most common 5Ј splice junction found 4 bp further downstream at a 6-of 9-bp match with the consensus sequence (data not shown). Aberrant intron 1 splicing of mouse insulin II RNA has been reported by others as well (29) . Interestingly, the intron 1 splice donor sequence is poorly conserved among different species, and none of the known sequences form an ideal 5Ј splice junction.
Inefficient splicing of intron 1 may explain the retention of intron 1 in the murine insulin I gene. The insulin I gene duplication is believed to have resulted from the integration of a cDNA produced by viral reverse transcription of an aberrant insulin II mRNA in a murine ancestor (30) . We speculate that inefficient splicing of intron 1, such as we have observed, could explain why intron 1 was retained in the template mRNA.
Previous estimates of insulin gene transcription rate based on preRNA levels (31, 32) have underestimated the effect of glucose on transcription rate, because the splicing rate was not considered. The combination of accurate measurements of preRNA levels and preRNA removal (splicing) rates provided by the bDNA assay allows direct calculation of transcription rates, since at steady state, the rate of preRNA production (transcription) must equal the rate of removal. This calculation gives estimated transcription rates of 3.2 ϫ 10 4 and 1.9 ϫ 10 3 insulin II preRNA molecules per islet per min at 25 mM glucose and 2.5 mM glucose, respectively. This 17-fold difference in insulin gene transcription rates between high and low glucose is higher than the previous estimate of 6-fold calculated from nucleotide incorporation rates into insulin I mRNA in rat islets (1) . The quantitative difference in the effect of glucose may derive from differences between the rat insulin I gene and the mouse insulin II gene, differences between rat and mouse islets, or the larger difference in glucose concentration used in our study [2.5 and 25 mM glucose vs. 3.3 and 17 mM glucose (1)].
Our results add preRNA splicing to the list of insulin synthetic processes that are regulated by glucose in ␤ cells. These results do not distinguish, however, whether the effect of glucose on splicing is specific for the insulin preRNA or whether all ␤ cell preRNAs are similarly regulated.
In summary, the use of the quantitative insulin bDNA assay has demonstrated that the two introns of the insulin gene are spliced with unequal efficiency and that insulin RNA splicing is regulated by glucose. This ability to accurately measure low levels of insulin mRNA and preRNA should allow for careful analysis of the physiologic regulation of insulin gene expression.
